Abstract. The aim of the present study was to investigate the function and mechanism of sirtuin 1 (SIRT1) in spinal cord injury (ScI). Reverse transcription-quantitative polymerase chain reaction was used to measure the expression levels of microRNA (miR)-494. MTT assay, lactate dehydrogenase activity assay and flow cytometry were used to analyze the effects of miR-494 on cell growth and apoptosis in a model of ScI. The present study demonstrated that SIRT1 expression was reduced; whereas miR-494 expression was increased in a rat model of ScI. Overexpression of miR-494 suppressed the protein expression levels of SIRT1, and induced p53 protein expression. conversely, knockdown of miR-494 induced SIRT1 protein expression in an in vitro model of ScI. Furthermore, overexpression of miR-494 promoted cell apoptosis and decreased cell growth in an in vitro model of ScI; however, miR-494 knockdown enhanced cell growth and inhibited cell apoptosis. Administration of a SIRT1 agonist reduced the effects of miR-494 overexpression on cell apoptosis in an ScI model, whereas treatment with a p53 agonist reduced the effects of miR-494 knockdown on cell apoptosis in an SCI model. Together, these findings suggested that SIRT1 may inhibit apoptosis of ScI in vivo and in vitro through the p53 signaling pathway, whereas miR-494 suppressed SIRT1 and induced apoptosis.
Introduction
Spinal cord injury (ScI) leads to severe motor and sensory dysfunction, and severely affects patients both mentally and physically (1) . ScI is one of the major causes of disability (2), the clinical treatment of which is complex. At present, there is no available interventional treatment that is completely effective for ScI (3) . The pathophysiological process of ScI includes primary and secondary injuries (4) . Secondary injury generally occurs within several hours, days or weeks after the primary injury (4) . It comprises post-traumatic inflammatory response, neuronal apoptosis and necrosis, local tissue microcirculatory ischemia and hypoxia, oxidative stress response, and the excessive production of peroxide and reactive oxygen species (2) . Secondary injury further damages the spinal cord and can lead to akinesthesia (5); however, the mechanism underlying secondary injury is currently unclear. It is known that secondary injury induces recruitment of a large number of inflammatory cells at the early stage, which is accompanied by a strong inflammatory response, and neuronal necrosis and apoptosis (5) .
Silent information regulator 2 (Sir2)-associated enzymes are highly conserved NAd + -dependent histone deacetylases (6) . There are seven Sir2 homologous genes in the human body, namely, sirtuin (SIRT) 1-7 (6) . SIRT1 has been the focus of much research in recent years. The SIRT1 protein has been revealed to exert anti-inflammatory and antioxidative effects, and can alleviate cell injury. In addition, SIRT1 is able to markedly reduce the amyloid-β protein-induced nuclear factor (NF)-κB pathway and decrease the production of inflammatory factors (7) . It can also suppress inflammatory response-induced injury to protocortical neurons. A possible underlying mechanism for these effects is that SIRT1 acts on the NF-κB subunit, RelA/p65, through deacetylation; therefore, SIRT1 can participate in regulating NF-κB active genes. In particular, SIRT1 can reduce the binding of NF-κB with intranuclear inflammatory genes, and can thus reduce the production of inflammatory factors, such as TNF-α and IL-1β (8) .
MicroRNAs (miRNAs/miRs) are gene expression regulatory factors, which were discovered >20 years ago (3) . Expression of numerous miRNAs is altered in response to ScI. It has previously been reported that miRNAs participate in the regulation of post-ScI gene expression; such gene expression alterations are closely associated with certain pathological processes (3), including ischemia and swelling of the spinal cord, the inflammatory response and neuronal necrosis. Molecular biology has developed rapidly; as a result, research regarding miRNA has attracted increasing attention. It has previously been indicated that miRNAs serve vital regulatory roles in spinal development, spinal plasticity, and post-ScI pathogenesis and developmental processes (9) . Therefore, some miRNAs may be considered effective targets for post-ScI therapeutic intervention, and investigating the function and role of miRNAs in the pathological development of ScI may aid understanding of the pathogenesis of secondary ScI. Furthermore, research into miRNAs may provide novel therapeutic targets and intervention strategies for ScI treatment and rehabilitation (1) . The present study aimed to investigate the function and mechanism of SIRT1 in ScI. In the present study, an in vivo model was used to study primary ScI injury, and an in vitro model was used to study secondary ScI injury
Materials and methods

Experimental animals and establishment of an animal model.
The present study was approved by the Scientific Review committee and the Institutional Review board of dalian University (dalian, china). Healthy male Sprague-dawley rats (weight, 200-250 g; age, 9-11 weeks, n=12) were obtained from the Animal center of dalian University. All rats were maintained under a 12-h dark/light cycle at 22-24˚C (relative humidity 55-60%), and received ad libitum access to a standard laboratory diet and water. The rats were randomly assigned into the following two groups: control group (n=6) and ScI model group (n=6). All rats in the ScI model group were anesthetized with an intraperitoneal (i.p.) injection of 30 mg/kg pentobarbital sodium, after which T8-T9 spinous processes and lamina were uncovered, and paraspinal muscles were stripped. Subsequently, the T8 and T9 spinous processes were clamped with forceps and lamina was removed to expose the dura mater. The underlying cord was exposed to contusion injury without disrupting the dura (10) . All rats in the control group were anesthetized with an i.p. injection of 30 mg/kg pentobarbital sodium; however, they did not undergo ScI. A total of 1 day after induction of the ScI model, rats were anesthetized with an i.p. injection of 30 mg/kg pentobarbital sodium and were sacrificed by decapitation. Subsequently, spinal cord samples were collected and stored at -80˚C.
Basso, Beattie, Bresnahan (BBB) score and water content analysis. The BBB score of the rats was determined after 4 min in an open field (1) , and was scored between 0 (no observable hind-limb movements) and 21 (normal locomotion). For water content analysis of the spinal cord, spinal cord samples were weighed, dried at 80˚C for 24 h and were then weighed again. The following formula was used to calculate the spinal cord water content: [(Wet weight-dry weight)/wet weight] x100%.
Hematoxylin and eosin staining. Spinal cord samples were fixed with 4% paraformaldehyde for 48 h at room temperature, embedded in paraffin and cut into 10-µm sections. The tissue samples were then stained with hematoxylin and eosin for 10 min, and examined under a fluorescence microscope (BX53; Olympus corporation, Tokyo, Japan). The primer sequences were as follows: SIRT1, forward 5'-TcA GTG TcA TGG TTc cTT TGc-3', reverse 5'-AAT cTG cTc cTT TGc cAc TcT-3'; GAPdH, forward 5'-ccc cTG Gcc AAG GTc ATc cA-3', reverse 5'-cGG AAG ccA TGc cAG TGA G-3'; miR-494, forward 5'-cAT AGc ccG TGA AAc ATA cAc G-3', reverse 5'-GTG cAG GGT ccG AGG T-3'; and U6 forward 5'-cGc TTc GGc AGc AcA TAT AcT A-3' and reverse 5'-GcG AGc AcA GAA TTA ATA cGA c-3'. The qPcR thermocycling conditions were as follows: 95˚C for 10 min; followed by 40 cycles at 95˚C for 25 sec, 60˚C for 25 sec and 72˚C for 25 sec, and a final extension step at 4˚C for 10 min. Relative expression levels were calculated using the 2 -ΔΔcq method (11) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR
Gene microarray hybridization. Total RNA (500 ng) was labeled with cyanine-5-cTP (cat. no. NEL474001EA; PerkinElmer, Inc., Waltham, MA, USA) and hybridized using the SurePrint G3 Mouse Whole Genome GE Microarray G4852A platform (cat. no. G4851A; Agilent Technologies, Inc., Santa clara, cA, USA) with an equimolar concentration of cyanine-3-cTP-labelled universal rat reference (Stratagene; Agilent Technologies, Inc.). Images were analyzed using Agilent Feature Extraction 10.7.3.1 software (Agilent Technologies, Inc.).
Cell line, and cell culture and transfection. Pc12 cells were used to study ScI in vitro, as previously reported (12) (13) (14) . Pc12 cells were purchased from the American Type culture collection (Manassas, VA, USA) and were maintained in dulbecco's modified Eagle's medium (dMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) in a humidified atmosphere containing 5% cO 2 at 37˚C. miR-494 mimics (5'-UGA AAc AUA cAc GGG AAA ccU c-3'), anti-miR-494 mimics (5'-GGU UUc ccG UGU AUG UUU cAU U-3') and a negative control (5'-UUc Ucc GAA cGU GUc AcG U-3') were obtained from Shanghai GenePharma co., Ltd. (Shanghai, china). cell transfection (1x10 6 cells/ml) was performed using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C with 100 ng miR-494 mimics, anti-miR-494 or negative control mimics. A total of 4 h post-transfection, dMEM was removed and replaced with FBS-free dMEM; the cells were then treated with 100 ng/ml lipopolysaccharide (Beyotime Institute of Biotechnology, Haimen, china) to induce an in vitro ScI model, as reported in the literature (15), or with 10 µM CAY10602 at 37˚C for 48 h. After 4 h of transfection, cells were treated with the p53 agonist, 20 nM Nutlin 3 (McE china, Shanghai, china), for 44 h at 37˚C. In addition, to confirm that LPS induced an in vitro ScI model, Pc12 cells were separated into the following two groups: The control group, in which cells were not treated with LPS; and the LPS group, in which cells were treated with 100 ng/ml LPS (Beyotime Institute of Biotechnology).
ELISA kit. cell supernatants were collected at 1,000 x g for 10 min at 4˚C and were used to measure tumor necrosis factor (TNF)-α (cat. no. H052), interleukin (IL)-1β (cat. no. H002), IL-6 (cat. no. H007) and IL-18 (cat. no. H015) levels using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, china), according to the manufacturer's protocol. Absorbance was detected using an automatic multi-well spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, cA, USA) at 450 nm.
MTT assay and LDH activity assay. At different time points (24 and 48 h) post-transfection, 20 µl MTT solution (5 mg/ml) was added to each well and incubated at 37˚C for 4 h. The culture medium was then removed and dimethyl sulfoxide was added to dissolve formazan for 20 min at 37˚C. The absorbance was detected using an automatic multi-well spectrophotometer (Bio-Rad Laboratories, Inc.) at 492 nm.
A total of 48 h post-transfection, LDH activity was analyzed using LdH activity kits (cat. no. c0016, Beyotime Institute of Biotechnology), according to manufacturer's protocol, and absorbance was detected using an automatic multi-well spectrophotometer (Bio-Rad Laboratories, Inc.) at 450 nm.
miR-494 target prediction and dual-luciferase reporter assay.
miR-494 target prediction was conducted using TargetScan (http://www.targetscan.org/index.html) and miRanda (http://www.microrna.org). SIRT1 luciferase reporter plasmids containing the 3' untranslated region targeting miR-494 (100 ng) were co-transfected into the cells (1x10 6 cell/ml) with 100 ng of miRNA-494 mimics using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C. Cells were plated in 24-well plates and were transfected for 48 h. The dual Luciferase Assay system (Promega corporation) was used to measure luciferase reporter activities.
Apoptosis assay. cells were washed with PBS for 5 min and fixed with 4% paraformaldehyde for 15 min at room temperature. Subsequently, cells were stained with 5 µl Annexin V-phycoerythrin conjugate and 5 µl propidium iodide (Bd Biosciences, Franklin Lakes, NJ, USA) for 15 min in the dark at room temperature. Flow cytometry was performed using BD AccuriC6 (BD Biosciences) and data were analyzed by FlowJo 7.6.1 (FlowJo, LLc, Ashland, OR, USA).
Caspase-3/9 activity. Total protein was extracted using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology) and protein concentration was evaluated using the bicinchoninic acid assay (Beyotime Institute of Biotechnology), according to the manufacturer's protocols. Protein (10 µg) was then used to measure caspase-3/9 activity using the caspase-3/9 activity kits (cat. nos. c1115 and c1158; Beyotime Institute of Biotechnology), according to the manufacturer's protocol.
Western blot analysis. Total protein was extracted using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology) and protein concentration was evaluated using the bicinchoninic acid assay (Beyotime Institute of Biotechnology), according to the manufacturer's protocols. Proteins (50 µg) were separated by 10% SDS-PAGE and were transferred to polyvinylidene difluoride membranes.
The membranes were then blocked with 5% non-fat dry milk in Tris-buffered saline-0.1% Tween for 1 h at 37˚C, and were incubated with primary antibodies against SIRT1 (cat. no. sc-135792, 1:1,000), cyclin E (cat. no. sc-48420, 1:1,000), p53 (cat. no. sc-47698, 1:1,000), Bax (cat. no. sc-20067, 1:1,000), p21 (cat. no. sc-817, 1:1,000) and GAPdH (cat. no. sc-51631, 1:5,000) (all Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. After washing with PBST for 15 min, membranes were incubated with a horseradish peroxidase-conjugated anti-mouse secondary antibody (cat. no. sc-2005, 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h at 37˚C. Proteins were visualized using an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.) and were analyzed using Image Lab 3.0 (Bio-Rad Laboratories, Inc.).
Immunofluorescence staining. cells were washed with PBS for 5 min and fixed with 4% paraformaldehyde for 15 min at room temperature. Subsequently, cells were penetrated with 0.25% Triton X-100 in PBS for 15 min at room temperature, washed with PBS for 15 min, and blocked with 5% bovine serum albumin (Beyotime Institute of Biotechnology) in PBS for 1 h at 37˚C. The cells were then incubated with anti-SIRT1 (cat. no. sc-135792, 1:100; Santa Cruz Biotechnology, Inc.) at 4˚C overnight, washed with PBS for 15 min, and incubated with goat anti-mouse immunoglobulin G-CruzFluor™ 555 (cat. no. sc-362267, 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Finally, cells were washed for 15 min and incubated with dAPI in the dark. cells were observed using confocal microscopy (Leica SP5, Argon laser; Leica Microsystems, Inc., Buffalo Grove, IL, USA).
Statistical analysis.
All data are presented as the means ± standard deviation (n=3), and were analyzed using SPSS 17.0 (SPSS, Inc., chicago, IL, USA). data were compared using two-tailed Student's t-test or one-way analysis of variance and Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
SIRT1 and miR-494 expression in the SCI rat model.
The present study evaluated the expression levels of SIRT1 in ScI tissues using qPcR. Hematoxylin and eosin staining indicated that inflammation was markedly increased in ScI tissues compared with in the control group (Fig. 1A) . Furthermore, water content in the spinal cord was increased, and the BBB score was reduced in ScI tissues, compared with in the control group (Fig. 1B and c) . As shown in Fig. 1d-F , the mRNA and protein expression levels of SIRT1 in ScI tissues were significantly inhibited compared with in the control group. Subsequently, a gene chip was used to analyze the alterations in miRNA expression in ScI tissues; it was revealed that miR-494 expression was increased in rats in the ScI group compared with in the control group ( Fig. 1G and H) . These results indicated that an association may exist between miR-494 and SIRT1 in ScI.
miR-494 regulates SIRT1 expression in an SCI model.
Initially, it was revealed that LPS induced an increase in tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6 and IL-18 levels in Pc12 cells compared with in the control group (Fig. 2) . Subsequently, in the in vitro model, SIRT1 was identified as a direct target of miR-494 and inhibited luciferase activity (Fig. 3A and B) . miR-494 mimics and anti-miR-494 mimics were separately transfected into cells, and increased or decreased miR-494 expression compared with in the control group, respectively ( Fig. 3c and d) . Following miR-494 overexpression, a gene chip analysis was conducted, which revealed that SIRT1 mRNA expression was suppressed in the in vitro model compared with in the control group (Fig. 3E) . Western blotting and immunofluorescence revealed that miR-494 overexpression suppressed SIRT1 protein expression in vitro, in comparison with the control group (Fig. 3F-H) . However, miR-494 downregulation induced SIRT1 mRNA and protein expression in vitro compared with in the control group (Fig. 3I-L) .
miR-494 regulates cell apoptosis in an in vitro model of SCI.
To determine the effects of miR-494 on the ScI model, cell apoptosis and cell growth were analyzed. As shown in Fig. 4A-d , overexpression of miR-494 promoted cell apoptosis and LdH activity, and inhibited cell growth compared with in the negative control group. conversely, miR-494 knockdown promoted cell growth, and inhibited cell apoptosis and LdH activity in the ScI model compared with in the negative control group (Fig. 4E-H) .
miR-494 regulates the p53 signaling pathway in an in vitro model of SCI.
To further explore the mechanism underlying the effects of miR-494 on ScI, the p53 signaling pathway was analyzed in the SCI model. As shown in Fig. 5 , overexpression of miR-494 induced the protein expression of p53, Bax, and p21, suppressed cyclin E protein expression, and increased caspase-3/9 activity in the ScI model compared with in the negative control group. conversely, miR-494 knockdown suppressed the protein expression of p53, Bax and p21, induced cyclin E protein expression, and decreased caspase-3/9 activity in the ScI model compared with in the negative control group (Fig. 6) . collectively, these results indicated that miR-494 may mediate nerve cell apoptosis in ScI through the p53 signaling pathway via SIRT1.
SIRT1 agonist attenuates the effects of miR-494 on cell apoptosis in SCI.
The present study explored the role of SIRT1 in the effects of miR-494; the in vitro model of ScI was treated with a SIRT1 agonist, CAY10602 (10 µM), following miR-494 transfection. As shown in Fig. 7 , the SIRT1 agonist increased the protein expression levels of SIRT1 and cyclin E, and suppressed p53, Bax and p21 protein expression in the SIRT1 + miR-494 group compared with in the miR-494 group. Treatment with the SIRT1 agonist also decreased cell apoptosis, LdH activity and caspase-3/9 activity, and increased cell growth in the SIRT1 + miR-494 group compared with in the miR-494 group (Fig. 8) . Overall, these results indicated that SIRT1 may be a direct target gene of miR-494, which regulates nerve cell apoptosis in ScI.
p53 agonist attenuates the effects of anti-miR-494 on cell apoptosis in SCI.
Finally, a p53 agonist, 20 nM Nutlin 3, was revealed to increase the protein expression levels of p53, Bax and p21, and suppress cyclin E protein expression in the p53 + anti-miR-494 group compared with in the anti-miR-494 group (Fig. 9) . The p53 agonist also decreased cell growth, and induced cell apoptosis, LdH activity and caspase-3/9 activity in the p53 + anti-miR-494 group, compared with in the anti-miR-494 group (Fig. 10) . Taken together, these findings suggested that p53 may promote nerve cell apoptosis in ScI via SIRT1/miR-494.
Discussion
ScI induces the cellular oxidative stress response, necrosis and apoptosis. Furthermore, a large number of inflammatory mediators are locally produced in response to ScI, thus resulting in the immune inflammatory response (4). In such secondary injury, the inflammatory response serves a crucial role in post-ScI recovery (13) . control and inhibition of the inflammatory response therefore affects post-SCI recovery. miRNAs are small RNA molecules that regulate target gene expression (14) . In addition, miRNAs have a vital role in gene expression during spinal development and ScI (15) ; therefore, they may be considered a novel target for therapeutic intervention in post-ScI nerve regeneration and repair. Furthermore, miRNAs may be potential biological markers of ScI. The present study demonstrated that overexpression of miR-494 promoted cell apoptosis and LdH activity, and inhibited cell growth in an ScI model compared with in the negative control group. Kang et al (16) revealed that microRNA-494 promotes apoptosis in degenerative human nucleus pulposus cells. Zhan et al (17) suggested that miR-494 inhibits breast cancer progression and induces apoptosis by directly targeting p21 (RAc1)-activated kinase 1.
The SIRT1 anti-inflammatory mechanism is complex and involves numerous pathways, including the mitogen-activated protein kinase and NF-κB pathways (8) . Furthermore, it has been suggested that the cyclooxygenase pathway may also be involved (8) . At present, the NF-κB pathway has been most extensively studied. However, the inflammatory pathway is a multi-channel reticular structure (18) , as a result, it is not determined by a certain pathway. The mechanism underlying inflammation will become increasingly clear with research on each pathway, and the reticular structure of the inflammatory pathway will be elucidated (19); therefore, it will be more easily controlled. SIRT1 can downregulate the proapoptotic effects of p53 through its deacetylation. At present, p53 is one of the most extensively and profoundly studied tumor suppressor genes in human research (20) . Furthermore, p53 participates in cell differentiation, proliferation, aging and mortality (20) , and is involved in gene transcription, dNA damage and repair, genomic stability and cell cycle control (21) . The present study demonstrated that overexpression of miR-494 suppressed SIRT1 protein expression in an in vitro model compared with in the control group. Liu et al (22) indicated that miR-494 inhibits the proliferation, invasion and chemoresistance of pancreatic cancer through SIRT1.
Neuronal apoptosis is suppressed following nervous system injury (23) . However, several proteins and nuclear transcription factors are specifically expressed in a delayed manner; p53 is one of the key molecules in the cell apoptosis pathway. Upregulated p53 expression can directly induce cell apoptosis (23) . In addition, it can induce cell apoptosis through regulating the expression of other apoptosis-associated genes (19) . The present study demonstrated that overexpression of miR-494 induced p53, Bax and p21 protein expression, suppressed cyclin E protein expression, and increased caspase-3/9 activity in an ScI model. comegna et al revealed that direct targets of miR-494 are involved in senescence of human diploid fibroblasts via p53 protein expression (24) .
In conclusion, the present study indicated that SIRT1 may inhibit apoptosis of ScI in vivo and in vitro through the p53 signaling pathway, whereas miR-494 may suppress SIRT1 and induce apoptosis (Fig. 11) . Mechanistically, the present study demonstrated that miR-494 promoted neurocyte apoptosis through directly targeting the SIRT1/p53 signaling pathway. These results suggested that the miR-494/SIRT1/p53 signaling pathway may be a potential clinical biomarker and therapeutic target in ScI.
